1. Introduction {#s0005}
===============

Autophagy is highly conserved, intracellular, self-degrading process that plays fundamental role in maintaining cellular homeostasis. In mammalian cells, basal level of autophagy is beneficial but the pathway gets amplified under stress conditions such as nutrient starvation, hypoxia, and pathogen infection in order to promote cell survival and adaptation ([@bb0200], [@bb0165], [@bb0450], [@bb0335]). Recent reports have demonstrated the involvement of autophagy in the development of cancer, neurodegenerative diseases, cardiac hypertrophy, diabetic nephropathy, infectious diseases, muscles and liver disorders ([@bb0140], [@bb0455], [@bb0015], [@bb0060], [@bb0120], [@bb0080], [@bb0090]). Involvement of autophagy in various disorders shows that this process has very important biological and clinical significance. Moreover, recent studies have shown that modulation of this pathway may result in better treatment response in breast cancer ([@bb0275]), infectious diseases and other various diseases ([@bb0370], [@bb0355], [@bb0365]). Therefore, it becomes important to understand each phase of the process so that it could be utilized for better therapeutic/targeted treatment management ([@bb0055]).

The process of autophagy initiates in response to stress signals and proceeds with the formation of a double membranous structure, known as the autophagosome. The autophagosome engulfs cytoplasmic constituents, and then fuses with the lysosome for degradation of its contents ([@bb0265], [@bb0125], [@bb0405]). The process of formation of autophagosome is regulated by number of autophagy related (*ATG*) genes. With the initial discovery in yeast, \> 37 *ATG* genes have been identified until now and most of them have homologues in mammalian cell ([@bb0285]). Among them ATG5 is a key regulator involved in autophagosome formation. ATG5 (Lys149) is covalently linked to with ATG12 (C-terminal Gly 186) through reactions mediated by an ubiquitin like system members, ATG7 (E1) and ATG10 (E2). ATG5, after conjugating with ATG12 further joins non-covalently with a multimeric protein, ATG16L1. ATG12-ATG5/ATG16L1 complex possesses E3 like activity, helps in the formation of ATG8-phosphatidylethanolamine (PE) and its targeting to the pre-autophagosomal structure (PAS) which plays a pivotal role in initiation of autophagosome formation ([@bb0145], [@bb0295], [@bb0430]).

*ATG*5 is a 141.34 kb gene located on chromosome 6q21, contains 10 exons and codes for a 275 amino acid autophagy protein 5. Changes in ATG5 levels directly or indirectly influence the levels of autophagy pathway. Neonatal mouse deficient in ATG5 dies within a day due to energy depletion indicating the functional significance of autophagy process ([@bb0175]). Moreover, conditional ATG5 knockout mouse not only suffer from nutrient depletion but also develops dysfunctional hepatic tissue and progressive neurodegeneration ([@bb0445]). In another study, systemic mosaic deficiency of ATG5 was shown to lead to the development of multiple liver tumors in mice ([@bb0390]). Moreover, this protein is strongly down-regulated in colorectal cancer in humans ([@bb0070]) and overexpression of ATG5 may contribute to autoimmune demyelination, multiple sclerosis ([@bb0010]) and pathogenesis of hepatitis B virus infection ([@bb0270]). ATG5 plays important role in cell death progression by interacting with FADD ([@bb0325]), B and T-cell survival and proliferation ([@bb0320], [@bb0255]) mitochondrial maintenance ([@bb0375]), regression of deficits in neurogenesis at embryonal level due to dysfunctional autophagy ([@bb0215]), involved in normal adipocyte differentiation ([@bb0020]), primary ciliogenesis ([@bb0400]), required in antigen presentation by dendritic cells ([@bb0195]), provides cellular immunity to intracellular pathogens ([@bb0465]) and promotes mitotic catastrophe independent of autophagy ([@bb0230]). Not only the expression pattern, but also recent genetic studies reveal that polymorphisms in *ATG*5 gene contribute to the pathogenesis and susceptibility of various diseases in human. In this context, case-control and genome-wide association studies (GWAS) in different populations have linked several single nucleotide polymorphisms (SNPs) in ATG5 to the susceptibility of systemic lupus erythematosus ([@bb0115]), asthma ([@bb0225]), thyroid carcinoma ([@bb0315]), rheumatoid arthritis ([@bb0290]), systemic sclerosis ([@bb0250]), and sporadic Parkinson\'s disease ([@bb0050]).

Taking into account the functional relevance and clinical significance of ATG5, it becomes important to characterize it computationally in order to understand more about its less studied characteristics which otherwise are tedious and time consuming. Moreover, *in silico* analysis of this protein will provide a strong base for its prospective implications as in population-based studies. In this study, we have explored ATG5 gene *in silico* to study its evolutionary relationship with other species, sequence feature-based analysis, detected signal peptide and transmembrane regions, identified essential regulatory elements, over-represented transcription factor binding sites, linkage disequilibrium and nsSNPs, putative post-translational modification sites and protein-protein interactions. This study provides data about important features of ATG5 which would be further helpful to unravel its various functions.

2. Materials and methods {#s0010}
========================

The computational methodology followed in this study is shown in the form of a flow diagram ([Fig. 1](#f0005){ref-type="fig"}). The study consists of the following main steps: (1) phylogenetic analysis, (2) sequence feature-based analysis (3) detection of signal peptides and transmembrane regions, (4) identification of regulatory elements and over-represented TFBS, (5) linkage disequilibrium (LD) analysis and prediction of non-synonymous Single Nucleotide Polymorphism (nsSNP), (6) elucidation of post-translational modification sites, and (7) protein-protein interaction studies.

2.1. Data mining {#s0015}
----------------

The protein sequence for human ATG5 was retrieved from the National Center for Biotechnology Information (NCBI) (Protein ID: NP_004840); the UniProt database (UniProtKB ID: [Q9H1Y0](uniprotkb:Q9H1Y0){#ir0005}). SNPs information for human ATG5 was obtained from the NCBI, dbSNP database.

2.2. Phylogenetic analysis {#s0020}
--------------------------

For the evolutionary relationships analysis, the protein sequence for human ATG5 was retrieved from the UniProt database (UniProtKB ID: [Q9H1Y0](uniprotkb:Q9H1Y0){#ir0010}) and corresponding reviewed sequences for other species from 20 families were also selected. Multiple sequence alignment was performed using ClustalW tool and phylogenetic tree was constructed using Molecular Evolutionary Genetics Analysis 6 (MEGA6) which estimates the rates of molecular evolution and deduce ancestral links accordingly ([@bb0395]). Maximum likelihood (ML) method was applied for the phylogenetic reconstruction. The maximum likelihood method for constructing a phylogenetic tree involves various standard statistical techniques for inference of probability distribution to assign probabilities to particular possible phylogenetic trees. For the verification of the inferred tree, bootstrap analysis was also performed by taking 1000 bootstrap replicates and 70% cutoff value was set to generate statistically significant phylogenetic tree.

2.3. Sequence feature-based analysis {#s0025}
------------------------------------

Sequence based features include the physicochemical, biochemical and structural properties that help to unravel important characteristics that are essential for analysis of protein characters , functions and protein-protein interactions ([@bb0035]). ProtParam tool ([@bb0110]) (<http://web.expasy.org/protparam/>) was utilized for the computation of various physicochemical properties of human ATG5. Protein sequence was submitted as an input and the computed parameters included molecular weight, theoretical pI, amino acid composition, atomic composition, estimated half-life ([@bb0420]), instability index ([@bb0135]) , aliphatic index ([@bb0150])and grand average of hydropathicity (GRAVY) ([@bb0190]) . Biochemical and structural features of ATG5 like hydrophilicity, accessibility, polarity, flexibility, mutability and bulkiness play important role in retaining protein stability and structure ([@bb0435], [@bb0410]). ProtScale (<http://web.expasy.org/protscale/>) was explored to predict the protein profile based on amino acid scales like hydrophilicity, accessibility , polarity , flexibility , mutability and bulkiness ([@bb0110]). The protein sequence of human ATG5 was provided as an input and the program was run on selected amino acid scale.

2.4. Detection of signal peptides and transmembrane regions {#s0030}
-----------------------------------------------------------

SignalP 4.1 Server (<http://www.cbs.dtu.dk/services/SignalP/>) was used to predict the signal peptide in human ATG5. Protein sequence was provided as an input ([@bb0305]). The TMpred program (<http://www.ch.embnet.org/software/TMPRED_form.html>) was used to predict the transmembrane regions and their orientation. The algorithm is based on the statistical analysis of TMbase, a database of naturally occurring transmembrane proteins where prediction is made using a combination of several weight-matrices for scoring.

2.5. Identification of regulatory elements and over-represented transcription factor binding sites (TFBS) {#s0035}
---------------------------------------------------------------------------------------------------------

It is through the complex cooperative activity of proximal promoters and distant regulatory elements (REs, for example, enhancers, repressors, silencers and transcription factors) that regulate gene expression in eukaryotic genomes. Identification of REs and TFs enhance the functional annotation of the genome which eventually leads to better understanding of mechanism of gene regulation ([@bb0235], [@bb0130]). Distant Regulatory Elements of co-regulated genes (DiRE) ([@bb0130]) and oPOSSUM 3 ([@bb0185]) were used for identification of the REs and over-represented transcription binding sites (TFBS), respectively. Additionally, JASPAR database ([@bb0245]) was likewise investigated to distinguish different classes, families and sequence logos for TFs and their binding sites for comparable datasets.

2.6. Linkage disequilibrium analysis, prediction of non-synonymous single nucleotide polymorphism (nsSNP) and their phenotypic effects {#s0040}
--------------------------------------------------------------------------------------------------------------------------------------

For linkage disequilibrium analysis, CEU (CEPH---Utah Residents with Northern and Western European Ancestry) population was selected and the genotype data for the *ATG5* gene was retrieved from The International HapMap project ([@bb0415]). Haploview version 4.2 was used for linkage disequilibrium (LD) analysis. Parameters analyzed for genetic association were D′ and r^2^. The D′ value provides the measure of LD between the blocks and its value closer to zero shows a higher amount of historical recombination between the blocks and r^2^ gives the correlation coefficient between the two loci. Haplotypes were constructed using the algorithm implemented in Haploview 4.2. The deleterious/damaging nsSNPs were predicted using Sorting Intolerant From Tolerant (SIFT) ([@bb0180]) and Polymorphism Phenotyping (PolyPhen-2) ([@bb0005]) and PredictSNP ([@bb0025]).

2.7. Elucidation of post-translational modification (PTM) sites {#s0045}
---------------------------------------------------------------

PTM sites of phosphorylation, ubiquitination, palmitoylation and calpain-cleavage were predicted in the ATG5 protein using various web servers. The NetPhos algorithm was used for the prediction of phosphorylation sites at serine (S), threonine (T) and tyrosine (Y) residues in the ATG5 amino acid sequence. This algorithm utilizes an artificial neural network (ANN) based method which is trained from Phospho Base, a database of experimentally validated phosphorylated proteins ([@bb0030]). The palmitoylation sites were obtained from CSS-PALM, a tool based on the Clustering and Scoring Strategy (CSS) algorithm for the prediction of palmitoylation sites ([@bb0340]). An online web server called BDM-PUB (Prediction of Ubiquitination site with Bayesian Discriminant Method; <http://bdmpub.biocuckoo.org>/) was used to predict ubiquitination sites. Group-based Prediction System-Calpain Cleavage Detector (GPS-CCD) 1.0 tool was utilized for the prediction of calpain-cleavage sites in ATG5 ([@bb0205]).

2.8. Protein-protein interaction studies {#s0050}
----------------------------------------

Search Tool for the Retrieval of Interacting Genes/Proteins-STRING database was explored for predicting functional partners of ATG5 ([@bb0385]). STRING version 10 generates a protein network view that can be inspected for the interaction evidence, re-adjustments for the score-cutoffs and network size limits can be performed and detailed information about the interacting proteins can be obtained.

3. Results and discussion {#s0055}
=========================

3.1. Data retrieval {#s0060}
-------------------

The amino acid sequence for the ATG5 protein was obtained from NCBI (Protein ID: NP_004840) and UniProt (UniProtKB ID: [Q9H1Y0](uniprotkb:Q9H1Y0){#ir0040}). This 275 amino acid sequence was analyzed by various *in silico* tools. The SNP information was obtained from NCBI, dbSNP. According to dbSNP, human ATG5 contains 7358 Single nucleotide polymorphisms. This SNP dataset was selected as a batch report and saved in the form of their rs IDs for prediction of nsSNPs through various *in silico* tools.

3.2. Phylogentic analysis shows the evolutionary links of ATG5 revealing its conservation profile {#s0065}
-------------------------------------------------------------------------------------------------

The analysis was performed for ATG5 protein sequence of humans (Uniprot ID: [Q9H1Y0](uniprotkb:Q9H1Y0){#ir0045}) and 25 other organisms from 20 different families. Only the reviewed sequences were selected for the analysis (Table S1). In MEGA5, bootstrap test of phylogeny with 1000 bootstrap replicates and 70% cutoff value was set as parameters. ML method was used for phylogenetic tree reconstruction as shown in [Fig. 2](#f0010){ref-type="fig"}. Phylogenies are helpful for arranging information of biological diversity, for structuring classifications and for providing knowledge into event that happened amid evolution. The phylogenetic tree obtained represents the evolutionary relationships among the 25 taxa. From this tree diagram, we could infer that *Homo sapiens* and *Pongo abelii* have 85% similarity depicting their closely related ancestors*. Mus musculus, Rattus norvegicus, Sus scrofa* and *Bos Taurus* show 99% similarity and thus are closely related to each other as compared to other species. Moreover, *Arabidopsis thaliana* and *Oryza sativa* have 100% similarity and could have the same ancestral origin. *Debaryomyces hansenii* and *Candida albicans* also show 100% similarity revealing their common ancestral origin. Therefore, the data provides information from which it could be inferred that these successions have a tendency to remain closely related in a family as well as with species from other families.

3.3. ATG5 is a hydrophilic protein {#s0070}
----------------------------------

ProtParam server was used to compute various physicochemical properties that were deduced from a protein sequence ([@bb0110]). The computed parameters and observations are shown in [Table 1](#t0005){ref-type="table"}. The physiological parameters are essential for the protein identification and analysis which plays a central role in the investigation of proteins characteristics applying techniques like two-dimensional (2-D) gels and mass spectrometry ([@bb0440]). Moreover, properties of a protein, *e.g. in vivo* half life, have been shown to be altered in pathological conditions such as viral infections, neurodegenerative disorders, or cancer ([@bb0040]). Therefore, better understanding of physiological parameter/degradation rates of a protein would definitely help in facilitating drug development for various human diseases. The instability index (II) provides an estimate of the stability of a protein in a test tube ([@bb0135]). The expanding utilization of recombinantly expressed proteins in the pharmaceutical industry has highlighted issues, for example, their stability amid long-term storage. Therefore, II provides essential information in this aspect. Here, the instability index was predicted to be 45.29, which classifies ATG5 protein as unstable but aliphatic index, which is defined as the relative volume occupied by aliphatic side chains (alanine, valine, isoleucine, and leucine), classifies this protein as thermostable. Higher value of aliphatic index (82.62) indicates better stability of this protein ([@bb0150]). Normally, major portion of ATG5 and ATG12 *in vivo* exists as a conjugate ([@bb0350]). Increasing positive score of GRAVY of the linear polypeptide sequence indicates greater hydrophobicity. Negative GRAVY and positive GRAVY values indicate hydrophilic and hydrophobic proteins, respectively. Hydrophobicity is a key determinant in surface properties hence in directing protein-protein interactions. Hydrophobicity also influences amino acid side chain packing and protein folding and therefore an important factor that determine stability of a protein (41). Here, the GRAVY value for ATG5 was found to be − 0.468, indicating that it is a hydrophilic protein. Overall, these physico-chemical characteristics of ATG5 may help in unfolding the different physiological functions of the protein. These physiological parameters of ATG5 are shown in [Table 1](#t0005){ref-type="table"}. ProtScale was used to analyze the hydrophilicity, accessibility, polarity, flexibility, mutability and bulkiness of ATG5. The higher score indicates the higher probability of each parameter of ATG5. The hydrophilicity values of this protein are between − 1.567 (AA position 83) and 2.022 (AA position 232) ([Supplementary Fig. (SF) 1](#f0055){ref-type="graphic"}a). Polarity (P) is the dipole-dipole intermolecular interactions between the positively and negatively charged residues. The polarity values are between 0.776 (AA position 93) and 34.243 (AA position 148) ([SF 1](#f0055){ref-type="graphic"}b). The accessibility values obtained by Janin score are between − 0.867 (AA position 148) and 0.356 (AA position 87) ([SF 1](#f0055){ref-type="graphic"}c). It represents the free energy of transfer from inside to outside of a globular protein while the average flexibility values are between 0.379 (AA position 125) and 0.497 (AA position 232) ([SF 1](#f0055){ref-type="graphic"}d). Flexibility of protein structure is important as helps in building up its interactions with other various partners, ligands, proteins, or nucleic acids to form complex structures ([@bb0075]). The relative mutability indicates the probability that a given amino acid can be changed to others during evolution ([@bb0410]). The relative mutability values are between 49.667 (AA position 83) and 97.111 (AA position 64) ([SF 1](#f0055){ref-type="graphic"}e). The bulkiness values are between 12.633 (AA position 229) and 18.997 (AA position 38) ([SF 1](#f0055){ref-type="graphic"}f). Bulkiness reflects the function of an individual residues in the entire protein configuration and hence it may influence the local conformation of protein ([@bb0470]).

3.4. ATG5 contains predicted 2 transmembrane models and no signal peptide {#s0075}
-------------------------------------------------------------------------

The transmembrane regions of ATG5 were predicted using TMpred Server ([@bb0380]). The results suggest that there are two possible models for transmembrane helices predicted in ATG5 ([Fig. 3](#f0015){ref-type="fig"}). For the first transmembrane helix, which is from inside to outside, the maximum score is 1421 and extends from 83 AA to 104 AA is the strongly preferred model. Second possible transmembrane helix with outside to inside orientation, whose maximum score is 1053, extends from 83 AA to 102 AA is an alternative model. Prediction scores \> 500 are considered to be significant in TMpred server, therefore, ATG5 contains 2 possible predicted helices and there is a strong preference of inside to outside orientation that of the first helix. Prediction of transmembrane regions helps in defining membrane topology of proteins. Studies show that ATG5 alone has membrane binding capability *in vitro*. This membrane binding by ATG5 is essential *in vivo* for autophagy pathway though not required for the localization of the ATG12--ATG5/ATG16L1 complex to the PAS ([@bb0350]). Determining the sub-cellular localization of a protein is one of the important steps towards understanding its function. Therefore, information regarding the presence and absence of a signal peptide in a protein could reveal its sub-cellular location and various functions ([@bb0105]). SignalP 4.1Server was used to predict the signal peptide of ATG5. [Fig. 4](#f0020){ref-type="fig"} shows all the scores obtained from SignalP 4.1 Server, - including C-score (raw cleavage site score), S-score (signal peptide score) and Y-score (combined cleavage site score), less than the standard value (0.5) indicating no signal peptide existing in ATG5 sequence. In autophagy, the feature that helps in final recruitment of ATG12--ATG5/ATG16L1 complex to the PAS is yet to be identified. TECPR1 has recently been demonstrated to recruit ATG5-ATG12 conjugate and mediate in autophagosome maturation in mammals ([@bb0045]).

3.5. Regulatory elements and over-represented TFBS in ATG5 {#s0080}
----------------------------------------------------------

The web based server DiRE was used to identify the distant regulatory elements (REs) in the *ATG5* gene. The program was run with the default value for random set of genes as 5000. Through this analysis, two potential regulatory elements were found in *ATG5* gene. One intergenic and other is the untranslated region (3′UTR); both correspond to 50% of total regulatory region in *ATG5* as shown in [Fig. 5](#f0025){ref-type="fig"}a. A total of 44 candidate transcription factors (TFs) were also predicted in the UTR and intergenic region of *ATG5*. The detailed description of these REs (chromosome location, type, score, locus and TFs) is shown in Table S2. The top ten transcription factors with their rates of occurrence and importance are shown [Fig. 5](#f0025){ref-type="fig"}b (Graphical representation) and [Table 2](#t0010){ref-type="table"}. Based on high importance rate (1) and occurrence rate (100%), interferon stimulated response element (ISRE) is of utmost significance when compared to the rest of the TFs. The Interferon-Sensitive Responsive Element (ISRE) is largely responsible for the constitutive expression of Programmed death-1(PD-1) receptor and also for the IFN-α-mediated up regulation of PD-1 ([@bb0065]). Also, there exists a link between autophagy process and innate immune signaling against viral infection where in Atg5--Atg12 conjugate negatively regulates the type I IFN production pathway promoting RNA virus replication in host cells ([@bb0155]). oPOSSUM tool, which determines the TFBS families employing two statistical measures-the Z-score and Fisher score, was applied to find the over represented TFBS in the promoter region of *ATG5*. The predicted 16 TFs bind to a total of 19 sites are shown in Table S3. These were recognized by standard search parameters (\> 8 bits; \> 75% as threshold of position specific scoring matrices) of JASPAR ([Fig. 6](#f0030){ref-type="fig"}). The class wise representation of these TFs is shown in [Table 3](#t0015){ref-type="table"} and majority of over-represented TFBS in *ATG5* belong to Zipper-type class. This information is thus very helpful in unraveling the different ways to modulate the expression of *ATG5* and in understanding the genetic regulation of autophagy. The TFs and TFBS which directly influence the expression of *ATG5* can be targeted to achieve desired alterations. Number of transcription factors like ATF4, CHOP, CHF, FOXO1, GATA4, p63, p73 and SMADs have been shown to target *ATG5* and regulate stress induced autophagy ([@bb0310]). Therefore, prediction and annotation of RE, TFs and TFBS in a gene becomes very essential in order to understand their role in genetic regulation of a process.

3.6. Linkage disequilibrium analysis reveals significant genetic variants, haplotypes and predicted deleterious nsSNP in ATG5 {#s0085}
-----------------------------------------------------------------------------------------------------------------------------

For genome-phenotype investigation, groups of genetic variants that are acquired together in linkage disequilibrium (LD) are especially valuable. Thus, we have used other *in silico* method to identify such genetic variants and haplotypes in ATG5 that exist in linkage disequilibrium. For this, we performed haplotype analysis on SNPs genotyped in CEU population on chromosome 6 ([Fig. 7](#f0035){ref-type="fig"}a). Within the same loci on LD plot three distinct alternative blocks have been identified, and a strong correlation was seen between the blocks and there is involvement of 26 markers in first block of 38 kb of size, 39 markers in second block of 58 kb of size and 16 markers in third block of 15 kb of size, with significant statistical support. Overall correlation of 0.96 has been found among interactions between blocks 1 and 2 and correlation of 0.95 has been found among interactions between blocks 2 and 3 of the genotyped SNPs which is quite significant [Fig. 7](#f0035){ref-type="fig"}b. All important SNPs are mentioned in the [Supplementary Table S4](#ec0010){ref-type="supplementary-material"}.

Because nsSNPs are coding variations and changes in the amino acid could influence protein stability, function and could have the major effect on human health in contrast to synonymous-SNPs in different locations of the genome ([@bb0085]).

According to the various SNP databases a large portion of every single genetic change identified with human disease owe to nsSNPs. Subsequently, these polymorphisms are thought to be damaging nsSNPs in light of the fact that they cause prompt phenotypic outcome ([@bb0170], [@bb0280]). In any case, not all nsSNPs are connected with diseases. Some nsSNPs, called tolerant nsSNPs, keep up protein function despite the change in protein structure ([@bb0345]). Therefore, there is a necessity to predict the deleterious nsSNPs in a protein so that these can be selected for further analysis in association studies.

We have used various *in silico* tools like Sorting Intolerant From Tolerant (SIFT), Polymorphism Phenotype (PolyPhen2), PredictSNP (PolyPhen1, nsSNPAnalyzer, PhD-SNP and MAPP) to predict the nsSNPs and their effects on the ATG5 protein function. The predicted impact of change in amino acid may be tolerated or damaging/deleterious based on the tolerance index and probability scores. We have identified 3 nsSNPs (rs34793250, M129V; rs77859116, I65V; and rs115576116, A95D) out of which two nsSNPs rs34793250 (M129V) and rs115576116 (A95D) could have damaging/deleterious effects on the ATG5 protein ([Table 4](#t0020){ref-type="table"}). These predicted nsSNPs could further be explored to study their impact on ATG5 protein structure and function. Moreover, these nsSNPs could be selected to carry out population based studies to find the role played by them, if any, in the susceptibility of various diseases as well as their involvement in intervening autophagy pathway. These methodologies expand the likelihood of success in recognizing polymorphisms of utmost significance in ATG5.

3.7. Numerous post-translational modification sites predicted in ATG5 and their annotation over the protein domain structure {#s0090}
----------------------------------------------------------------------------------------------------------------------------

Posttranslational modifications (PTMs) are considered to be very essential for the regulation of various cellular processes and play important role in influencing protein interaction network ([@bb0100]). Dysregulation of PTMs results in modulation of a pathway, autophagy here, that could play a role in the pathogenesis of a disease ([@bb0240]). A total of 11 putative phosphorylation sites were predicted in ATG5 using NetPhos algorithm ([Table 5](#t0025){ref-type="table"}). NetPhos is a neural network-based method for predicting potential phosphorylation sites at serine (S), threonine (T) or tyrosine (Y) residues in a protein sequences. The prediction score ≥ 0.5 was considered as phosphorylated. In a recent study, the p38-mediated phosphorylation of ATG5 at the predicted threonine 75 position has been shown to lead to autophagy inhibition in a Gadd45*β*/MEKK4-dependent manner ([@bb0160]).

By using CSS-PALM server, we identified 2 putative palmitoylation sites in ATG5 as shown in [Table 6](#t0030){ref-type="table"}. Palmitoylation enhances surface hydrophobicity and membrane affinity of protein substrates by adding palmitic acid. Palmitoylation modulates proteins trafficking, compartmentalization, and membrane-tethering of many proteins. Moreover, protein palmitoylation has been implicated in numerous cellular processes, including signaling, apoptosis, and neuronal transmission ([@bb0260]). These could further be explored for their impact on functional impact on ATG5.

BDMPUB web server was used to predict ubiquitination sites in ATG5 by Bayesian Discriminant Method. Ubiquitination is a major posttranslational modification that regulates several biological processes at different cellular levels, *e.g.*, protein trafficking, cell cycle, and immune response ([@bb0475]). Dysregulation of ubiquitination has expansive consequences and has a role in the onset and progression of cancer, metabolic syndromes, neurodegenerative diseases, inflammatory disorders, autoimmunity, muscular dystrophies and infection ([@bb0095]). A total of 7 ubiquitination sites were predicted in ATG5 ([Table 7](#t0035){ref-type="table"}).

Calpain-mediated cleavage is the most crucial post-translational modification (PTMs) of proteins that play an important role in many biological processes like cell death/apoptosis, cytoskeletal remodeling, and the cell cycle. GPS-CCD 1.0 tool was utilized for the prediction of calpain-cleavage sites in ATG5. Calpain mediated cleavage of ATG5 switches autophagy to apoptosis establishing important link between autophagy and apoptosis and highlights the importance of calpain activation and cleavage ([@bb0460]). A total of 4 Calpain--cleavage sites were predicted in ATG5 as shown in [Table 8](#t0040){ref-type="table"}. Also, the overall distribution of these predicted PTM sites were represented over the protein domain structure with the help of Illustrator for Biological Sequences (IBS) tool ([@bb0210]) is shown in [Fig. 8](#f0040){ref-type="fig"}.

3.8. ATG5 interactions with other proteins {#s0095}
------------------------------------------

In order to explore the function of a protein it is very essential to consider its interactions with other proteins. The STRING database provides a significant assessment and integration of protein--protein interactions which includes direct as well as indirect relations. The main functional partners of ATG5 are shown in Table S5 along with their scores and the STRING network view is shown in [Fig. 9](#f0045){ref-type="fig"}. These proteins interact with ATG5 and mediate the process of autophagy as well as other linked pathways. Moreover, aberrations in these interactions may lead to pathogenic conditions ([@bb0220], [@bb0300], [@bb0330], [@bb0360], [@bb0425]). Furthermore, studies on these protein interactions may provide imperative knowledge about mechanisms, physiology and pathology not only within but also beyond autophagy.

4. Conclusion {#s0100}
=============

Autophagy, an essential regulatory mechanism, helps to renovate the cell cytosol by removing damaged proteins and organelles. The involvement of autophagy in various diseases underscores its importance and recent data regarding its therapeutic potential utter the need for systematic understanding of this pathway. This is possible only if extensive study is carried out to understand each component that drives the process so that it could be targeted to modulate for the alleviation of various disorders. ATG5 is a core autophagy gene that plays a major role in its regulation. In this study, we have investigated its evolutionary links and various physico-chemical parameters that help to reveal different physiological properties of the gene. Though no signal peptide was found in the protein but two possible models for transmembrane helices were predicted that served to recognize functional regions of the protein. We have identified 24 putative post-translational modification sites, 44 important TFBS which are distributed throughout the protein. Majority of these TFBS belonged to Zipper-type class of TFs. ISRE, has been found to be the most significant TF based on its occurrence and importance rates. Besides this LD analysis uncovered 3 distinct alternative blocks of the genotyped SNPs of 38 kb, 58 kb and 15 kb of size. These blocks showed strong correlation among them and involved 16, 26 and 39 markers respectively, with significant statistical support. We have also predicted 2 deleterious nsSNPs (rs rs34793250, rs 115576116) that might have damaging impact on protein function and ultimately contribute to an individual\'s susceptibility to various diseases. Overall, this comprehensive *in silico* analysis provides information that helps unfolding significant physiological properties and regulatory activity of ATG5.

The following are the supplementary data related to this article.Supplementary tables.Image 2Supplementary Table S4The linkage disequilibrium table representing important SNPs.Supplementary Table S4Supplementary Fig. 1Prediction of hydrophilicity, accessibility, polarity, flexibility, mutability and bulkiness of ATG5. The hydrophilicity (A), polarity (B), accessibility (C), flexibility (D), mutability (E) and bulkiness (F) of ATG5 were predicted using ProtScale. (X axis represents amino acid sequence from N- to C- terminal. Y axis represents scores computed by each algorithm).Supplementary Fig. 1
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![Schematic representation of the computational methodology followed in the study.](gr1){#f0005}

![Phylogentic analysis was done by applying MEGA6. Multiple sequence alignment was performed by ClustalW and evolutionary history was inferred using maximum likelihood method. The phylogentic tree reveals evolutionary relationship among 25 organisms from a total of 20 families.](gr2){#f0010}

![Predicted transmembrane regions in ATG5 using TMpred server. X axis represents amino acid sequence from N- to C-terminal and Y axis represents scores computed by each server. Score \> 500 represents significant possibility for existence of TMD.](gr3){#f0015}

![Prediction of Signal peptide of ATG5 by using SignalP 4.1Server. It can be observed from the figure that all scores are less than the standard value (0.5), no signal peptide is predicted in ATG5. (X axis represents amino acid sequence from N- to C-terminal and Y axis represents scores computed by each server).](gr4){#f0020}

![A summary of output generated by the DiRE server. (a) the graphical representation of the predicted regulatory elements (REs) and their genomic distribution. (b) 10 most important transcription factors (TFs) with their occurrence and importance rates. The 'occurrence' represents the fraction of putative REs that contain a particular TFBS, while the 'importance' is defined as the product of the TF occurrence and its weight.](gr5){#f0025}

![Sequence logos obtained from JASPAR for the TFBS in *ATG5.*](gr6){#f0030}

![Linkage disequilibrium (LD) analysis of *ATG5.* (a) Haploblock diagram of the LD plot. Three distinct alternative blocks have been identified, 26 markers in first block of 38 kb size, 39 markers in second block of 58 kb size and 16 markers in third block of 15 kb size. (b) Strong significant correlation was seen between the blocks (correlation of 0.96 has been found among interactions between block (1) and (2) and correlation of 0.95 has been found among interactions between block (2) and (3) of the genotyped SNPs of *ATG5.*](gr7){#f0035}

![Putative functional sites in the ATG5 protein. Schematic diagram representing the approximate location of the predicted PTM sites (phosphorylation, ubiquitylation, palmitoylation, and Calpain-cleavage sites) and the 3 putative nsSNPs in ATG5.](gr8){#f0040}

![The STRING network view for ATG5 representing its various functional partners. Colored lines between the proteins indicate the various types of interaction evidence.](gr9){#f0045}

###### 

Computed physiological parameters of ATG5.

Table 1

  ---------------------------------------------------------------------------------------------------------------------------
  Sr. no       Physiological parameters                                  Observations                                      
  ------------ --------------------------------------------------------- ---------------------------------------------- -- --
  1\.          Number of amino acids                                     275                                               

  2\.          Molecular weight                                          32,447.2 Da                                       

  3\.          Theoretical pI                                            5.47                                              

  4\.          Total number of negatively charged residues (Asp + Glu)   42                                                

  5\.          Total number of positively charged residues (Arg + Lys)   31                                                

  6\.          Atomic composition:                                                                                         

  Carbon C     1480                                                                                                        

  Hydrogen H   2254                                                                                                        

  Nitrogen N   378                                                                                                         

  Oxygen O     418                                                                                                         

  Sulfur S     13                                                                                                          

  7\.          Formula                                                   C~1480~H~2254~N~378~O~418~S~13~                   

  8\.          Total number of atoms                                     4543                                              

  9\.          Estimated half-life                                       30 h (mammalian reticulocytes, *in vitro*).\      
                                                                         \>20 h (yeast, *in vivo*).\                       
                                                                         \>10 h (*Escherichia coli*, *in vivo*).           

  10\.         The instability index (II)                                45.29                                             

  11\.         Aliphatic index                                           82.62                                             

  12\.         Grand average of hydropathicity (GRAVY)                   − 0.468                                           
  ---------------------------------------------------------------------------------------------------------------------------

###### 

The list of 10 most important TFs in *ATG5* determined by DiRE.

Table 2

  S. no.   Transcription factor   Occurrence   Importance
  -------- ---------------------- ------------ ------------
  1        ISRE                   100.00%      1
  2        LDSPOLYA               100.00%      0.97812
  3        CREL                   50.00%       0.63438
  4        ZID                    50.00%       0.5
  5        PXR                    50.00%       0.49961
  6        STAT6                  50.00%       0.49617
  7        COUPTF                 50.00%       0.49609
  8        CDPCR3HD               50.00%       0.49609
  9        YY1                    100.00%      0.49531
  10       NFKAPPAB50             50.00%       0.49375

###### 

The class-wise order of transcription factors recognized in *ATG5* by oPOSSUM tool.

Table 3

  Class name                TFS                                              Total gene hits   TFBS hits
  ------------------------- ------------------------------------------------ ----------------- -----------
  Zinc-coordinating         NR2F1,NR4A2,Nr2e3,RORA_1                         4                 7
  Zipper-type               MYC,MAX,HLF,NFIL3,MAX,Arnt,Myc,Mycn,CREB1,USF1   9                 9
  Ig-fold                   STAT1,Stat3                                      2                 2
  Winged Helix-Turn-Helix   E2F1                                             1                 1

###### 

The non-synonymous Single Nucleotide Polymorphisms in the coding region of ATG5, two with putative damaging effects.

Table 4

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------
  SNP INFORMATION   SIFT                PolyPhen-2   PredictSNP                                                                                         
  ----------------- ------------------- ------------ ------------------ ------------------- ------------------ ------------- ------------ ------------- -------------
  SNP\              Amino acid change   Score        Predicted impact   Probability score   Predicted impact   Prediction    Prediction   Prediction    Prediction
  ID                                                                                                                                                    

  rs34793250        M129 V              1.00         TOLERATED          0.000               BENIGN             Deleterious   Disease      Neutral       Deleterious

  rs77859116        I65V                0.21         TOLERATED          0.000               BENIGN             Neutral       Neutral      Neutral       Neutral

  rs115576116       A95D                0.32         TOLERATED          0.000               BENIGN             Neutral       Neutral      Deleterious   Neutral
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Putative phosphorylation sites predicted in ATG5.

Table 5

  S. No.   Name   Position   Context sequence   Score   Prediction
  -------- ------ ---------- ------------------ ------- ------------
  1        ATG5   66         QEDISEIWF          0.982   \*S\*
  2        ATG5   106        VHFKSFPEK          0.946   \*S\*
  3        ATG5   225        EVCPSAIDP          0.990   \*S\*
  4        ATG5   259        SEHLSYPDN          0.963   \*S\*
  5        ATG5   28         QDEITEREA          0.957   \*T\*
  6        ATG5   75         EYEGTPLKW          0.682   \*T\*
  7        ATG5   192        RIYQTTTER          0.827   \*T\*
  8        ATG5   193        IYQTTTERP          0.597   \*T\*
  9        ATG5   194        YQTTTERPF          0.981   \*T\*
  10       ATG5   36         AEPYYLLLP          0.907   \*Y\*
  11       ATG5   260        EHLSYPDNF          0.506   \*Y\*

###### 

Palmitoylation sites predicted in ATG5.

Table 6

  S. no.   ID     Position   Peptide
  -------- ------ ---------- -----------------
  1        ATG5   19         WFGRIPTCFTLYQDE
  2        ATG5   128        IEAHFMSCMKEADAL

###### 

Predicted ubiquitination sites in ATG5.

Table 7

  S. no.   Name   Peptide                  Position   Score
  -------- ------ ------------------------ ---------- -------
  1        ATG5   \*\*\*MTDD**K**DVLRDVW   5          0.93
  2        ATG5   TLVTDKV**K**KHFQKVM      53         0.82
  3        ATG5   KVKKHFQ**K**VMRQEDI      58         1.23
  4        ATG5   DLLHCPS**K**DAIEAHF      118        0.59
  5        ATG5   AHFMSCM**K**EADALKH      130        0.83
  6        ATG5   MKEADAL**K**HKSQVIN      136        1.00
  7        ATG5   EADALKH**K**SQVINEM      138        1.45

Asterisks represent absence of amino acid in sequence. BDM-PUB tool use 15 amino acids for prediction with lysine in the center and for peptide with less than 7 amino acids at either N or C terminal it uses \"\*\".

###### 

Calpain-cleavage sites predicted in ATG5.

Table 8

  S. no.   Name   Peptide                  Position   Score
  -------- ------ ------------------------ ---------- --------
  1        ATG5   MKEADAL**K│H**KSQVIN     136        0.6615
  2        ATG5   PFRIYOT**T│T**ERPFIQ     193        0.6846
  3        ATG5   PDNFLHI**S│I**PQPTD      268        0.7808
  4        ATG5   PDNFLHIS**I│I**PQPTD\*   269        0.6500

Asterisk represents pseudo aminoacid.
